After the Chernobyl nuclear accident, a dramatic 131 Irelated Increase in the incidence of thyroid cancer has been reported in exposed children. However, little is known about the eventual genotoxic effects of 131 I in exposed humans. Thyroid cancer patients are usually treated with 131 I and, therefore, they provide us with an opportunity to study cytogenetic damage induced by known doses of this radionuclide. FISH techniques have been employed to study the origin of micronuclei as well as X chromosome nondisjunction and X chromosome numerical abnormalities in lymphocytes from 131 I-treated women suffering from thyroid cancer. Blood was sampled before and 1 week after 131 I treatment Cells were analysed with either pancentromeric FISH to classify micronuclei or X chromosome centromere-specific FISH in mononucleated and binucleated cells to evaluate X chromosome numerical abnormalities and non-disjunction respectively. Our data indicate that 131 I-induced clastogenic and age-dependent aneugenic effects in the lymphocytes of exposed patients. The X chromosome was not preferentially involved in the aneugenic effect induced by 131 I. It is concluded that besides its major clastogenic effect, 131 I can also induce an X chromosome-independent aneugenic activity mainly in patients with spontaneous proneness to chromosome loss.
Introduction
One of the major consequences of the Chernobyl nuclear power plant accident has been a high increase in the incidence of thyroid cancer in exposed children from both Belarus (Kazakov et al, 1992) and Ukraine (Likhtarev et al, 1995) , with over a 100-fold increased frequency in some heavily contaminated regions (Rytomaa, 1996) . The severe health consequences of the Chernobyl radioactive accident have been directly linked to high exposure to radioactive iodine, mainly I3I I (Likhtarev et al, 1995) . Thyroid cancer and hyperthyroidism patients are usually treated with radioactive iodine (Spencer et al, 1985; Farrar and Toft, 1991) and, therefore, they provide us with an unfortunate, but nevertheless unique, opportunity to study cytogenetic damage induced by known doses of 13I I in exposed people. The treatment of thyroid cancer patients usually consists of [ 131 I]sodium iodide given orally to eliminate remaining tumour cells after total thyroidectomy. Around 90% of the radiation effects are a result of P-radiation, which has a mean track length in soft tissues of ~0.4 mm (Searle, 1983) . The physical characteristics of this radionuclide make extrathyroidal radiation apparently minimal and restricted to yemissions, suggesting that side effects such as secondary neoplastic and non-neoplastic malignancies would not usually be expected. However, in a study conducted with 10 552 hyperthyroidism patients treated with 131 I an increased risk for some tumours was reported (Hall et al, 1993) . However, the results of other studies on cancer incidence after radioactive iodine treatment are contradictory (Hoffman 1984; Ron et al, 1984) .
It is widely accepted that increased levels of chromosomal aberrations are predictive of future cancer risk (Hagmar et al, 1994) . A cytological consequence of chromosomal aberration induction is the formation of micronuclei (MN). MN are chromosomal fragments or whole chromosomes that are left behind during mitotic division and appear in the cytoplasm of daughter cells as small additional nuclei. However, the MN assay lacks specificity due to the heterogeneous cytogenetic origin of the end point analysed. To overcome this problem, fluorescence in situ hybridization (FISH) with probes labelling the centromeric region of all human chromosomes has been used to unravel the content of MN (Becker et al, 1990 ). This approach is based on the widely accepted assumption that MN harbouring acentric chromosomal fragments will not be labelled by the probe, whereas MN harbouring whole chromosomes will be positively labelled. Although pancentromeric labelling of MN has been extensively used in in vitro experiments, to our knowledge only few biomonitoring studies using this approach have been published (Surralles et al, 1997) . FISH coupled to the MN assay allows a quick and reliable identification of both aneugenic and clastogenic agents. This is especially relevant in the case of exposure to radioactive iodine since, besides its major clastogenic effect, ionizing radiation can also induce aneuploidy in vivo (reviewed by Natarajan et al, 1996) . However, MN induction through aneugenic activity only reflects chromosome loss at anaphase. This is a potential limitation of the MN assay, because mitotic non-disjunction appears to be the prevalent mechanism for in vitro aneuploidy induction by ionizing radiation (KirschVolders et al, 1996) and chemical spindle poisons (Zijno et al, 1996b; Ramirez et al, 1997) . This limitation can be circumvented using FISH with chromosome-specific centromeric probes in binucleated cells induced with cytochalasin B, allowing detection of all aneuploidy-related events, including chromosome loss and non-disjunction (Zijno et al, 1994) .
The X chromosome is preferentially prone to aneuploidy, above all in older women (Guttenbach et al, 1994; Hando etal, 1994; Richard etal, 1994; Cataldn etal, 1995; Surralle's et al, 1996a,b) . This feature would make the X chromosome especially useful to monitor genotoxic effects induced by aneugens. FISH with an X chromosome centromere-specific probe allows easy and specific detection of aneuploidy events, circumventing most technical limitations of metaphase analysis (Eastmond et al, 1995; Surrall6s et al, 1996a ).
To whom correspondence should be addressed. Tel: +34 3 5812052; Fax: +34 3 5812387; Email: rmd@cc.uab.es Although the possible cytogenetic damage induced by therapeutic exposure to I31 I might be not detectable after a period of 1 year (Guti6rrez et ah, 1995) , several investigations reported increases in the frequency of MN in patients with thyroid cancer and hyperthyroidism after radioiodine treatment (Livingston et al, 1993; Catena et al, 1994; Wuttke et al., 1996; Gutierrez etal, 1997) . In the present study we investigate the nature of this increase by means of either pancentomeric or X chromosome centromere-specific FISH in lymphocytes from young and older thyroid cancer patients sampled before and 1 week after 131 I treatment.
Materials and methods

Patients
The study was performed on 12 women with papillar or folhcular thyroid cancer. These patients were selected on the basis of our previous study on MN induction as giving a positive response (Gutierrez et al., 1997) . All women were patients of the Nuclear Medicine Service of the University Hospital of Vail d'Hebron (Barcelona) with an age range of 12-75 years. The therapeutic treatment consisted of [ l31 I]sodium iodide given orally as an adjuvant radiation dose to eliminate remaining tumour cells after total thyroidectomy. The radionuchde used was a mixture of (J-emitter and y-ray emitter with a half-life of ~8 days and the final treatment dose received was 3700-5500 MB (100-150 mCi). Two blood samples were collected from each patient, one before 131 I treatment and thyroid extirpation and a second sample 1 week after treatment. Before proceeding with the study we obtained clearance from the ethical committee of our institutions. All patients gave informed consent and blood samples were collected and further manipulated in accordance with ethical standards.
Lymphocyte cultures and slide preparation
Blood was obtained using heparinized vacutainer tubes. Samples of 5 ml whole blood were centrifuged and the supernatant removed to eliminate blood plasma and hence to homogenize the cultures. The original blood volume was reconstituted by adding culture medium RPM1 1640 (Gibco, Eragny, France). The cultures were set up by adding 0.5 ml serum-free blood to 4.5 ml RPMI 1640 medium supplemented with 15% heat-inactivated fetal calf serum (Gibco), 1% antibiotics (penicillin and streptomycin) and L-glutamine. Lymphocytes were stimulated to divide with 1% phytohemagglutinin (PHA; Gibco). The cultures were incubated at 37°C for 72 h and the cytokinesis blocking agent cytochalasin B (Cyt-B) was added 4 h after PHA stimulation at a final concentration of 6 ng/ml. Cultures were harvested as described elsewhere (Surralles et al., 1992 (Surralles et al., , 1994 . Briefly, cells were centrifuged at 200 g for 10 min, resuspended in RPMI 1640 medium followed by mild hypotonic treatment (2-3 min in 0.075 M KC1 at room temperature) and then gently fixed three times with a solution made of 5 parts methanol and 1 part acetic acid. Fixed material was dropped onto slides and dried at room temperature overnight. The slides were stained with 10% Giemsa in phosphate buffer, pH 6.8, for 20 min and permanently mounted under coverslips. Coverslips of the slides selected for FISH analysis were washed with xylol (3-4 days) and the Giemsa staining eliminated by washing the slides with methanol :acetic acid (3 1) for 15 min. Slides were then air dried at room temperature overnight and stored at -20"C until FISH.
Fluorescence in situ hybridization
One day before FISH selected slides were thawed, further fixed in methanol: acetic acid (3:1) for 1 h and then dried overnight at room temperature. The next day the slides were incubated a 65°C for 2 h. Before in situ hybridization preparations were pretreated with RNase A (Boehringer Mannheim, Germany) at a concentration of 100 |ig/ml in 2X sodium chloride/sodium citrate (SSC) for 1 h at 37°C and with pepsin (50 ng/ml in HC1, pH 2.5) for 10 min at 37°C. Denaturation of in situ DNA was achieved by immersing the slides in 70% formamide, 2X SSC for 4 min at 74°C. Slides were then chilled with ice-cold 70% ethanol following further dehydration with sequential incubations in 90% and absolute ethanol at room temperature.
Denatured slides were independently hybridized with two probes, (i) A digoxigenin-labelled pancentromeric probe (SO-aAHCen), which is a synthetic oligomer of 30 nt with the sequence 5'-GTTTTGAAAC 10 ACTCTT-TTTG^AGAATCTGC-S' (MWG-Biotech, Ebersberg, Germany). This probe hybridizes with the centromeric region of all human chromosomes (Meyne et al., 1989; Norppa et al., 1993a; Surralles et al., 1995) and was used to distinguish MN harbouring whole chromosomes from those containing acentric fragments, (ii) A human a-satellite X chromosome centromere-specific probe, 450 directly labelled with Cy3 (Amersham Life Science, Arlington Heights, IL). This probe hybridizes with the centromenc region of the X chromosome and was used to study numerical abnormalities. The two probes were denatured at 70°C for 5 min, then placed immediately on ice and finally dropped onto the denatured slides under coverslips. Slides were sealed with glue and in situ hybridization with the target DNA was allowed to occur overnight at 37°C in a moist chamber.
After overnight hybridization washing steps differed depending on the probe used. For the pancentromeric probe four washes in 6X SSC were done, three at room temperature, of 10 min each, and a final one at 42°C for 5 min. Then the slides were rinsed in 4X SSC, 0.1% Tween 20 (5 nun at room temperature) and incubated with 1% blocking reagent in 4X SSC for 15 min at 37°C. After a wash in 4X SSC, 0.1% Tween 20 (5 min at room temperature) the digoxigenin-labelled probe was immunodetected using a mouse monoclonal anti-digoxigenin antibody (Sigma Chemical Co., St Louis, MO), followed by sheep F1TC-conjugated anti-mouse (Boehringer Mannheim) and donkey FTTCconjugated anti-sheep (Sigma) antibodies. After each antibody incubation three washes in 4X SSC, 0.1% Tween 20, of 5 min each, were carried out. Slides were finally rinsed with phosphate-buffered saline (PBS) and the nuclear material counterstained with a PI/DAPI solution. For the a-satellite DNA probe the slides were sequentially washed in 65% formamide, 2X SSC (15 min at 37°C), 2X SSC (8 min at 37°C), 4X SSC, 0.1% Tween 20 (5 min at room temperature) and PBS (5 min at room temperature). The DNA was counterstained with DAPI solution. All slides were mounted in antifading solution.
Cell scoring and index calculations
Microscopic analysis was performed on an Olympus BX-50 microscope equipped with a 100 W mercury lamp and a X1000 magnification objective with iris aperture. A minimum of 1000 binucleatcd cells (1000-1046) were examined for each patient both before and after treatment for the presence or absence of MN. Cell cycle parameters were evaluated by classifying a minimum of 500 cells (500-625) according to the number of nuclei. The cytokinesis block proliferation index (CBPI) was calculated following the formula CBPI = [MI + 2Mn + 3(MIII + MTV)]/total, where MI to MTV represent the number of cells with one to four nuclei (Surralles et al., 1994) The frequency of cells with X chromosome numerical abnormalities (including polyploidy and polysomy) was evaluated by classifying 1000 mononucleated cells with at least one hybridization according to the number of X chromosome FISH signals. X chromosome non-disjunction was evaluated by scoring 1000 binucleated cells with four signals, which were classified according to the distribution of these signals in the daughter nuclei. X chromosome numerical abnormalities and non-disjunction were evaluated at X1000 magnification on the same microscope using a filter allowing visualization of Cy3 fluorescence.
Statistical analysis
All the variables were evaluated using Student's (-test for dependent variables (paired (-test) to compare the exposed group before and after treatment with l5l I. The patients were separated into two age groups, one <30 years (mean 21.0 ± 5.8) and one >50 years (mean 68.5 ± 6.3). Comparisons before and after exposure were made for both age groups and the pooled data from all patients. Comparisons between age groups were performed with Student's (-test for independent variables (unpaired (-test). Because of the high homogeneity in the treatment dose, correlations between treatment dose and cytogenetic parameters were not calculated.
Results
The results on MN induction and cytogenetic origin of MN by FISH are shown in detail in Table I . After scoring over 1000 binucleated lymphocytes in each of the 12 individuals before and 1 week after 131 I treatment, a 2.3-fold increase in the frequency of MN was observed (P < 0.001). This increase was consistent in both age groups: 2.8-fold in the young patients (P < 0.001) and 2.1-fold in the elderly group (P < 0.001), although elderly patients presented a 2.3-fold higher spontaneous MN frequency than young patients (P < 0.001). Thus, once the spontaneous frequency of MN was subtracted, both age groups presented a similar 131 I treatment-related induction of MN.
The frequency of both types of MN was estimated from the frequency of total MN and the percentage of centromerepositive (C + ) and negative (C~) MN was determined after classifying 50 MN. These data are summarized in Table n . Both clastogenicity and, to a lesser extent, chromosome loss were responsible for the reported increase in MN frequency after 131 I treatment. This observation is illustrated in Figure 1 . Interestingly, when age-related effects were quantified it was obvious that the aneugenic effect induced by 131 I treatment was strongly influenced by ageing (see Figure 2) . Thus, young donors showed a statistically insignificant trend to chromosome loss after treatment whereas elderly donors presented a 1.8-fold increase in the frequency of C + MN (P < 0.05). When the two age groups were compared regarding the spontaneous frequency of both types of MN it was observed that the spontaneous frequency of C + MN in elderly women (16.8 ± 4.2) was much higher than in the younger ones (5.4 ± 2.8). Once the age-related effect on spontaneous frequency of C + MN was corrected for, it was then concluded that elderly women were 2.3-fold more sensitive to the aneugenic effects of I31 I (P < 0.001). However, both age groups presented a similar sensitivity to the clastogenic effect of 131 I, with an absolute increase of 15.8 C~ MN/1000 cells and 14.8 C" MN/1000 cells in young and elderly patients respectively.
Regarding cell proliferation parameters, elderly patients showed a trend towards lower values, as measured by the CBPI index (Table I ). This trend reached statistical significance after 131 I treatment only when elderly and young patients were compared (P < 0.01), suggesting that elderly patients were more sensitive to 13l I-mediated cell cycle delay. However, the l3l I-related cell cycle effect was not significant in either of the age groups analysed.
Chromosome-specific aneuploidy effects were studied by interphase FISH with an X chromosome centromere-specific probe. Results of this analysis are presented in detail in Table  HI . A total 1000 mononucleated cells and 1000 binucleated cells with four FISH signals were analysed for each patient both before and 1 week after 13I I treatment to detect X chromosome numerical abnormalities (polyploidy and polysomy) and non-disjunction respectively. As seen in Table  HI, this result it might be important to note that there was a higher incidence of cells with only one hybridization signal among elderly patients, suggesting that hybridization was less efficient in those donors (see Discussion).
On the other hand, I3I I treatment did not induce detectable levels of non-disjunction in binucleated cells. This observation was consistently seen in both age groups as well as when data from all the donors were pooled. Moreover, age-related X chromosome non-disjunction was not detected in the present study. It was concluded that the X chromosome was not preferentially involved in the observed age-related aneugenic effect of I31 I.
Discussion
FISH has proved to be a suitable tool for genetic analysis of interphase cells, hence allowing detection of chromosome abnormalities with no need for cell proliferation. This is very relevant for biomonitoring purposes, since it permits the study of a large number of cells, circumventing the majority of limitations of metaphase analysis. The possibility of studying large samples of interphase cells in a rapid and specific fashion might reveal interphase FISH as a powerful tool to biomonitor human populations exposed to potentially genotoxic agents, such as radioactive iodine.
Various approaches are currently available to study aneuploidy and/or chromosome breakage in interphase cells from exposed people. The MN assay in human lymphocytes is potentially able to detect clastogenic and aneugenic effects alike. As cell division is required for expression of MN, the cytokinesis blocking agent Cyt-B is usually employed to identify in vitro divided cells by their binucleated appearance (Fenech and Morley, 1985) . Since this improvement, the cytokinesis-blocked MN assay has been extensively used in biomonitoring studies (Surrall6s and Natarajan, 1997). However, its sensitivity and specificity is strongly limited by the heterogeneous cytogenetic origin of MN and the high proportion of MN containing whole chromosomes, above all in elderly women (Norppa et al, 1993b; Surrallds et al., 1996b; this study) . These limitations of the MN assay can be overcome by detecting centromeres in MN by FISH, hence allowing classification as harbouring whole chromosomes or acentric chromosomal fragments.
In the present study we report a clear clastogenic effect of 131 1 treatment as detected by an increased level of MN containing acentric fragments in exposed humans. This result reflects the well-known clastogenic activity of ionizing radiation and provides evidence for a potential increase in cancer risk in 13l I-exposed humans. Our data confirm previous studies performed in metaphase (Baugnet-Mahieu et al., 1994; Gundy et al., 1996; M'Kacher et al., 1996) , where an elevation in the frequency of chromosomal aberrations was reported in thyroid cancer patients after 131 I exposure. Besides its major clastogenic effect, ionizing radiation can induce aneuploidy events. The reported aneugenic action of ionizing radiation in vitro includes induction of hyperdiploid cells, dislocation of chromosomes from the mitotic spindle and formation of whole chromosome containing MN (see Kirsch-Volders et al, 1996 , and references therein). The aneugenic activity of ionizing radiation has also been demonstrated by Natarajan and co-workers in vivo using FISH techniques in both mouse (Boei and Natarajan, 1995; Hande et a/.,1996a,b) and humans accidentally exposed to radiation in the Goiania (Natarajan et ai, 1991) and Chernobyl accidents (Natarajan et ai, 1994) . In the present study we provide experimental evidence for a 131 I-mediated aneugenic effect in in vivo exposed humans. To our knowledge this is the first time that interphase FISH has been successfully used to detect in vivo aneugenic effects after human exposure to ionizing radiation, as Moore and co-workers showed an increase in CM N but not in C + MN in buccal cells after therapeutic exposure to radiation (Moore et ai, 1996) . As discussed in detail by Norppa and co-workers (Norppa et ai, 1993b) , it is not possible to know whether the detected aneugenic activity was due to an effect induced upon the precursors of the mitotic machinery in the lymphocyte resting stage or to residual 13I I left in the culture despite the washes. Nevertheless, and considering the l31 I-related increase in thyroid cancer incidence after the Chernobyl nuclear accident (Kazakov et al., 1992; Likhtarev et ai, 1996) , it is suggested that l31 I-related aneuploidy might also play a role in the aetiology of those cancers.
MN frequency in human lymphocytes is strongly influenced by sex and age (Fenech et ai, 1994; Surralle's and Natarajan, 1997) . This finding has been corroborated in the present study, where older women patients presented a higher spontaneous frequency of MN than the younger ones. Over 75% of this increase was due to whole chromosome-containing MN, as the frequency of MN with chromosome fragments was only slightly increased by ageing. Previous studies demonstrated that preferential loss of the X chromosome is responsible for a major part of the age-dependent increase in MN (Guttenbach et ai, 1994; Hando et ai, 1994; Richard et ai, 1994; Catalan et ai, 1995) . Studies performed in uncultured immunomagnetically sorted human T cells demonstrated that the observed over-representation of the X chromosome in MN is not a technical artifact of culturing or Cyt-B, but pre-exists in vivo (Surralle's et ai, 1996b) . Experiments combining immunocytogenetics with antibodies against acetylated forms of histone H4 and FISH revealed that not only the inactive X chromosome but also the active X chromosome is preferentially lost during ageing (Surralles et ai, 1996a) . This finding suggested that the high frequency of sex chromosome aneuploidy in women cannot be explained solely by a lack of negative selection of inactive X chromosome aneuploid cells but, rather, by a constitutive defect in the machinery involved in mitotic segregation of the X chromosomes (Surralles et ai, 1996a) . Moreover, Zijno et al. (1996a,c) reported an agerelated increase in the frequency of X chromosome nondisjunction, which was more marked in women than in men.
All these findings taken together would indicate that, because of its high proneness to aneuploidy, the X chromosome is a suitable cytogenetic substrate to monitor aneuploidy effects induced in humans by environmental exposure to physical and chemical genotoxins. However, and despite the observed induction of MN harbouring whole chromosomes after I3I I treatment, X chromosome-specific aneuploidy parameters were not increased in the l31 I-exposed population. As seen in Table in , young patients showed higher values of numerical abnormalities in mononucleated cells, reaching statistical significance only after I31 I treatment. In order to interpret this result, the influence of proliferation kinetics as well as hybridization efficiency should be considered. There is a higher incidence of cells with only one hybridization signal in elderly patients, suggesting that hybridization was, for some unknown reason, less efficient in those donors. On the other hand, the trend toward higher proliferation values in younger donors and, therefore, the possible artifactual inclusion of second and third division cells in the scoring, could also explain part of the numerical abnormalities observed in young patients. This is supported by the observation that second divisions under the effect of Cyt-B result in disorganized multipolar anaphases which are very prone to missegregate chromosomes (Lindholm et al, 1991; Norppa et al., 1993a; Surralles et al, 1994; Zijno etal, 1994) .
On the other hand, our data are clearly in disagreement with Zijno and co-workers, who reported an age-dependent increase in X chromosome non-disjunction in women (Zijno et al, 1996a) . In contrast, we found that neither age nor 131 I exposure modulate the frequency of X chromosome non-disjunction in women.
In conclusion, our data indicate that I31 I treatment induces clastogenic and age-dependent aneugenic effects in exposed patients. The aneugenic effect of 131 I is not preferentially directed to the X chromosome, but probably involves all chromosomes. Although the statement that cancer risk is always proportional to dose, no matter how small, is no longer valid (Goldman, 1996) and considering the severe health effects associated with 131 I, it seems important to reduce environmental and therapeutic exposure to I3I I to as low a level as possible.
